Abstract-A novel fork monopole antenna is presented using metamaterial structures. The prototype monopole antenna consists of split-ring-resonators (SRR) as an electric-LC resonator and small ground. To prove the concept, the prototype antenna is designed and fabricated for wireless communication systems. The monopole structure makes ultra wideband (UWB) impedance bandwidth condition for 2-12 GHz. On the other hand, the prototype antenna shows dual notch band characteristics at 3.5-4.5 GHz and 5.3-6 GHz for WiMAX and WLAN rejection. The prototype antenna radiates omnidirectionally and has a gain altered between −4.5 and 6.2 dBi in 2.5-12 GHz, with an average gain of 4.2 dBi. The metamaterial model is suggested for the CRLH (ELC) resonator, and in addition, the parametric study for CRLH (ELC) resonator is presented for clarification of its manner on resonance controlling. Here, the final model antenna is fabricated on an FR-4, and experimental results are compared with simulations.
INTRODUCTION
Over the last decade, many applications of wireless communication systems have been proposed, such as radar, medical field and personal communications and portable devices such as notebooks and cellular phones with low profile and low cost condition [1, 2] . Among these applications, UWB antennas are very important devices for high speed rates, low cost, low power wireless systems and broadband usage [3, 4] . The Federal Communications Commission (FCC) allowed application of the frequency band 3.1 to 10.6 GHz for UWB systems [5] . On the other hand, various applications of UWB communication systems exist in different frequency bands, such as 5. 15-5.825 GHz for Wireless Local Area Network (WLAN), 5.25-5.85 GHz for Worldwide Interoperability for Microwave Access (WIMAX), and notch band antenna are noticed and used as a multiband antenna for the avoidance of electromagnetic interference with IEEE 802.11a standard for 5.15-5.35 GHz [6, 7] . The planar monopole antennas are important components for the UWB communication systems because of their simple structure, low profile, low cost, easy fabrication, and impedance matching. Finally, these advantages make the planar monopole antennas attractive for implementation at UWB applications [7, 8] . Various types of printed monopole antennas have been designed for UWB applications. A fork-shaped radiating patch with an inverted T-shape parasitic [9] structure, a G-shaped slots ground plane and a small square monopole antenna with an inverted T-shaped slot and conductor-backed plane with different shapes such as Ω and Γ are used for enhancement of antenna bandwidth and making notches band characteristic [9, 10] . Fork shaped antenna with different formations and parasitic elements such as L-shaped conductor-backed elements are used for UWB applications [11, 12] . Microstrip slot antennas with different slot shapes, e.g., T-shape [13] , H-shape [14] , U-shape and L-shape [14] used to obtain the favorable frequency band notch, have been studied. In addition, fractal and parasitic structures are usual approaches for generating multiple band notched antennas based on CPW or other UWB structures [15] . Metamaterials structures such as Split Ring Resonator (SRR), Zeroth order resonators (ZOR) and CRLH transmission line because of negative effective permittivity and permeability are noticed for different applications such as phase changing [16] , miniaturization [17] and multi-notches applications [18] . Also capacitance loaded loop (CLL) resonator, magnetic and electric-LC resonators and electric LC element, and EBG resonator are used for making notches resonance and act as SRR structures [19] [20] [21] . An equivalent circuit for a CRLH transmission line is shown in Fig. 1 . According to this figure, the CRLH-TL includes series inductors and parallel capacitors, also includes parallel inductors and series capacitors. Series inductor and parallel capacitor are known as right-handed TL (L R and C R ), and a parallel inductor and series capacitor are called left-handed inductor and capacitor (L L and C L ). Achieving a structure with left-handed features is nearly impossible [22, 23] . 
where
The phase velocity and group velocity of CRLH-TL structure can be parallel or anti-parallel, depending on the operating frequency. In this structure, there is a frequency that separates the left-handed region from the right-handed one. We call it transmission frequency and calculate it by the following equation [24] :
Therefore, the dispersion relation for the homogeneous CRLH-TL is:
where S(ω) has the following sign function:
In this paper, the design of a new fork monopole antenna using a split ring resonator (ELC) along with small ground plane is proposed for the achieved dual notch-band characteristic. The prototype antenna has two rejection bands at 3.5-4.5 GHz and 5.3-6.2 GHz. The experimental and simulated results are compared, and the antenna voltage standing wave ratio (VSWR) shows the effect of the CRLH or ELC resonator on antenna rejection. Figure 2 illustrates the geometry of the prototype UWB antenna. The monopole structure is similar to the fork models, and the antenna is composed of a meandered shape as a top layer and a small ground plane with CRLH unit cell (electric-LC element) at the bottom of the substrate. Here, the ELC resonator and CRLH unit cell placement and their coupling with the monopole element have a great impact on the notch frequency and bandwidth of the antenna. This placement is noticed for the rejection band at WLAN and WiMAX applications, and ELC is investigated for multi-band applications [21] . In addition, a 50 Ω subminiature version A (SMA) is connected to the patch for excitation of the antenna by a microstrip line. The dimension of each part of the antenna is given in Table 1 . The prototype antenna is fabricated on a low cost FR-4 substrate with ε r = 4.4, and the fabricated antenna is shown in Fig. 2(c) . Fig. 2(d) shows the capacitance (C 1 and C 2 ) and inductance (L) in the proposed resonator. As shown here, the gaps provide capacitance properties while the strips act as inductors. 
ANTENNA STRUCTURE
(a) (b) (c) (d)
SIMULATION AND EXPERIMENTAL RESULTS
The antenna VSWR is shown in Fig. 3 . In Fig. 3(a) we present a comparison between the fork antennas with the presence and absence of ELC-load unit cell. The fork antenna has a notch resonance at 5.3-6 GHz, and when the CRLH unit cell (ELC resonator) is added to the structure, another notch frequency appears in the range of 3.5-4.5 GHz with any effect on the second notch band of the antenna. The prototype structure works as a multi-band antenna in the frequency range 2.5-12 GHz. Fig. 3(b) shows the simulated VSWR in good agreement with the measurement results. The simulations are performed using HFSS software, and the measurement is done using HP8722ES network analyzer. The prototype antenna shows the dual notch band characteristic at 3.5-4.5 GHz and 5.3-6 GHz for WiMAX and WLAN rejection. Fig. 4 shows the efficiency of the prototyped UWB antenna, which is obtained by HFSS, and it is typically over 70%. The antenna efficiency is decreased dramatically at notch bands as shown here. At the first notch, efficiency is reduced to about 20% for 4.2 GHz. At the second notch frequency, the antenna efficiency is reduced to 42% at 5.5 GHz. On the other hand, at lower frequency, the VSWR is increased more than 2, so the efficiency is reduced to 35%. Fig. 3(a) shows the effect of CRLH (ELC resonator) on the first notch frequency. For adjusting the impedance matching of a band-rejection, the effect of the ELC resonator placement on antenna VSWR is presented at Fig. 6 . Accordingly, we simulated the VSWR of the antenna for the various offset values of the CRLH unit cell from the ground ('O' in Fig. 2(b) ). In the first case, the CRLH is adjacent to the ground plane, and the result is shown in Fig. 6(a) . In the second case, CRLH is moved to the upper part, and results are presented at Fig. 6(b) . In both cases, the antenna notch quality is reduced, and the notch frequencies are shifted to the higher frequency. By moving CRLH to upper places with steps of 1 mm, the coupling from the monopole element (fork antenna) on CRLH is reduced, and the omission of the first notch is predictable as 4 mm and 5 mm offsets at Fig. 6(b) . Therefore, the current placement of CRLH gives us the best notch band frequency.
As shown in this paper, the first and second notches are made by metamaterial load and fork structure, respectively. In the metamaterial unit cell, the gap provides the capacitance effect, and the loop strip is used to make the inductive effect of the ELC-load. Therefore, in order to realize the effect on the resonant frequencies and impedance matching (VSWR) of corresponding structural parameters, a parametric study has been carried out. As illustrated in Fig. 7 , by varying j, k and m, and fixing other parameters, the second resonance changes slightly, which indicates that the effect of the ELC-load on the original resonant frequency of the fork monopole part is small. By increasing the radius of the unit cell, the inductance will increase, and the first resonance decreases as shown in Fig. 7(a) . The coupling of the fork monopole part of CRLH (ELC-load) unit cell is altered by increasing the size of the unit cell, so it causes alteration at the second resonance. Figs. 7(b) and 7(c) show the effects of the gaps on antenna notch resonance. In our proposed unit cell, we use two different gaps, indicated by C1 and C2 at Fig. 2(d) . By changing (k), C1 will alter, and C2 will change by the gaps between two parallel parts of the CRLH (ELC-load). Both of these changes influence the lower frequency, and by reducing the capacitance properties, the bandwidth of the antenna between 2.5-3 GHz will be reduced drastically. More precisely, according to Fig. 7(a) , the value of j varies from 12 to 20 mm with steps of 2 mm while the values of k and m maintain at 0.4 and 1 mm, respectively. The first resonance decreases with the increase of (j). With k increasing from 0.4 to 2 mm with steps of 0.2 mm as well as the value of j and m kept at 12 and 1 mm, the first and second resonances change negligibly, shown in Fig. 7(b) . Also, with altering (m) from 0.2 to 1 mm with steps of 0.2 mm while the values of (j) and (k) maintain at 12 and 0.4 mm, the first and second notches change slightly, shown in Fig. 7(c) . Thus, by changing these parameters, the resonant frequency can be adjusted to the requirement. Figure 8 shows the surface current distribution simulations in HFSS 11 for three frequencies of 4, 5.7, 7 GHz. The current distribution for 4 GHz is shown in Fig. 8(a) . As demonstrated here, the maximum current concentrates in the inner circle of the fork part and CRLH (ELC-load element), so at this frequency, the coupling of the monopole part of CRLH load is more than that in higher frequency. By increasing the frequency, the maximum current is shifted to the outer circle of the fork antenna, and the coupling is reduced on ELC-load element. Also in Fig. 8(b) for 5.7 GHz, the maximum current is observed in the outer circle. As shown in Fig. 8(c) , the current distribution at 7 GHz is minimized at ELC-load in this frequency, so it has no effect on the resonance at this frequency. In conclusion, we can realize that the coupling of the fork antenna on CRLH causes the first notch. The measured radiation pattern (co-polarization and cross-polarization) in E-plane (y-z plane) and H-plane (x-z plane) at 3, 4.5 and 7 GHz of the prototype antenna is shown in Fig. 9 by the test in chamber room. It can be seen that the simulated results are in good agreement with measured ones. The antenna radiates omnidirectionally in the E-plane and approximately bi-directionally in the H-plane. The cross polarization is increased by increasing the operating frequency in E-plane.
CONCLUSION
In this article, a novel design of printed monopole antenna with electric-LC resonator and meander slot model is proposed, which operates from 2 to 12 GHz with two rejection bands near 3.5-4.5 GHz and 5.3-6 GHz. To validate the proposed results, a prototype antenna is designed, constructed and measured. A small ground plane is used to improve the impedance bandwidth of the antenna, and ELC resonator is applied. The simulated and experimental results show that this antenna can be a good selection of UWB systems.
